An experimental investigation of domain wall motion in polycrystalline Ni during high-rate compressive loading Dipankar Ghosh, Abubakarr Bah, Gregory P Carman et al. Previous studies examining the response of magnetoelastic materials to shock waves have predominantly focused on applications involving pulsed power generation, with limited attention given to the actual wave propagation characteristics. This study provides detailed magnetic and mechanical measurements of magnetoelastic shock wave propagation and dispersion. Laser generated rarefacted shock waves exceeding 3 GPa with rise times of 10 ns were introduced to samples of the magnetoelastic material Galfenol. The resulting mechanical measurements reveal the evolution of the shock into a compressive acoustic front with lateral release waves. Importantly, the wave continues to disperse even after it has decayed into an acoustic wave, due in large part to magnetoelastic coupling. The magnetic data reveal predominantly shear wave mediated magnetoelastic coupling, and were also used to noninvasively measure the wave speed. The external magnetic field controlled a 30% increase in wave propagation speed, attributed to a 70% increase in average stiffness. Finally, magnetic signals propagating along the sample over 20× faster than the mechanical wave were measured, indicating these materials can act as passive antennas that transmit information in response to mechanical stimuli.
Introduction
The extreme loading conditions found in military and astrophysical environments can be studied with impact and shockwave studies. While these studies commonly focus on the load bearing metals and ceramics found in vehicles and weapons, or heterogeneous materials like sand, rock, and concrete (Martin et al 2009 , Heard et al 2014 , Mitchell et al 2014 , Mitchell et al 2015 , there has also been an interest in ferroelectric and ferromagnetic materials. Starting in the 1950s, the primary objective in studying ferroic materials was for their potential use as pulsed power generators (Neilson 1956 , Kulterman et al 1958 , Royce 1966 , Shaner and Royce 1968 , Grady 1972 , Shkuratov et al 2000 , Altgilbers et al 2011 . Of the two material classes, ferroelectric materials have been more commonly studied, with a focus on examining the constitutive behavior (Setchell 2003) , depoling characteristics (Setchell 2005) , effects of electrical boundary conditions (Dick and Vorthman 1978) , phase transformations (Millett et al 2007) , and even the radiation of electromagnetic energy (Anisimovas et al 2013) . In contrast, ferromagnetic materials have received far less attention and detailed measurements of the coupled mechanical and magnetic interactions due to impact and shockwave loading are nearly absent from the literature.
To date, high strain rate ferromagnetic studies have focused almost exclusively on developing pulsed power generators. These studies have traditionally maximized power generation by exploiting the high BH energy densities of rareearth permanent magnets (Neilson 1956 , Kulterman et al 1958 , Royce 1966 , Shaner and Royce 1968 , Grady 1972 , Shkuratov et al 2000 , Shkuratov et al 2002 , Shkuratov et al 2003 , Shkuratov et al 2010 , Altgilbers et al 2011 . The explosive destruction of hard magnetic materials has enabled the creation of both high voltage (11.3 kV) and high current (1.93 kA) ferromagnetic generators, achieving instantaneous power densities of 1.29 GW m −3 (Shkuratov et al 2002) . More recent work has measured the magnetoelastic response of Galfenol due to impact with a Kolsky bar and predicted magnetoelastic interactions are capable of generating power densities similar to explosively driven approaches (Domann et al 2015) . These studies reveal a strong magnetomechanical coupling occurs during high strain rate impact, and suggests magnetoelastic materials may be capable of mitigating shock wave damage by providing sensing, energy dispersion, and/ or wave steering capabilities.
The primary techniques currently used to characterize high rate magnetoelastic behavior include the Kolsky bar method (Lollioz et al 2006 , Hubert and Rizzo 2008 , Domann et al 2015 , explosively driven demagnetization (Shkuratov et al 2000 , Shkuratov et al 2002 , Shkuratov et al 2003 , Shkuratov et al 2010 , Altgilbers et al 2011 , and flyer plate studies (Neilson 1956 , Kulterman et al 1958 , Royce 1966 , Grady 1972 . In order to optimize pulsed power generation, most of these studies have used a single large inductive coil to harvest energy. This results in magnetic measurements that average the magnetic response over large regions, limiting the spatial sensititvity/resolution. Additionally, while measurements made on the Kolsky bar have provided coupled mechanical and magnetic measurements in samples at or near dynamic stress equilibrium, coupled measurements are lacking under nonequilibrium conditions (e.g., for samples with non-uniform stress distributions). Further understanding of the dynamic magnetoelastic response to impact and shock wave loading would benefit from measurements that spatially and temporally resolve the coupled mechanical and magnetic response.
The present study reports the magnetic and mechanical response of the magnetoelastic material Galfenol to laser generated rarefacted shockwave loading. Results indicate the magnetic boundary conditions (i.e., external magnetic field) exhibit large control over the coupled responses. Furthermore, the magnetic moments were found to strongly couple to shear release waves, and magnetic signals traveling over 20× faster than the mechanical wave were found, enabling passive wireless sensing capabilities.
Experimental setup
Figure 1(a) shows a schematic of the experimental setup used in this study. The setup is a modified version of the laser spallation technique developed by Gupta et al (Youssef et al 2013) . During each test a Nd:YAG laser operating at 1064 nm in single pulse mode produced an 8 ns long, 1.5 J pulse. This pulse was focused to a spot size 4.0±0.1 mm in diameter (laser fluence of 119 kJ m −2 ) on a 1 mm thick glass slide coated with 0.55 μm of Al and a 50 μm thick waterglass layer. The confined absorption of the incident laser pulse caused the Al to rapidly thermally expand while being constrained on both its front and back surface by the laser transparent waterglass layer and glass substrate, respectively. The thermal expansion generated a rarefacted compressive shockwave which then propagated through the glass slide and into a 3 mm diameter cylindrical sample of Galfenol (Fe 81.6 Ga 18.4 ). A key advantage of this approach is that extraneous effects due to sample heating, laser polarization, and spin-photon coupling, commonly encountered in ultrafast demagnetization studies (Beaurepaire et al 1996 , Kim et al 2012 , Bigot and Vomir 2013 , are all avoided by separating the laser-heating region and sample with the 1 mm thick glass slide. The thicknesses of the Al and the waterglass layers were previously optimized to generate stress waves with the fastest rise times and highest loading rates , Gupta et al 2003 .
Two primary measurements were made in this study. First, displacement interferometry was used to record the displacement of the free surface. Separate tests were conducted on both the Galfenol sample, as shown in figure 1(a) , and on the glass slide by itself (i.e., remove the Galfenol from figure 1(a)). These measurements characterized both the input stress state, and stress after propagation through the Galfenol. From these measurements, the transient free surface velocity profile v(t) was numerically calculated and used to compute the amplitude of the compressive stress pulse using:
where σ(t) is the stress, v(t) is the interferometrically measured particle velocity, ρ is the material's density, and c o is the wave speed (Meyers 1994) . For calculations, the unstressed ρ was used, and c o was determined from measurements of the average shock velocity. Figure 1 (b) shows the time dependent amplitude of the incident shockwave, obtained by removing the Galfenol and measuring the displacement of the glass slide due to the same incident laser pulse. The incident wave was found to reach compressive stresses of nearly 3.3 GPa, with a rise time of approximately 10 ns. As a note, for a wave speed of 3000 m s −1 , this corresponds to a shock front that spans only 6 μm from zero to peak stress, and total wave length of 240 μm.
In addition to measuring the mechanical response of the sample, its magnetic behavior was also recorded. Due to magnetoelastic coupling, the sample's magnetization was decreased when the shockwave propagated along its length. This magnetic change was measured via a set of three inductive coils nearly equally spaced along the sample's length. The coils were made from n=5 turns of 32 gauge copper wire wrapped around a Delrin acetal resin tube with 4 mm diameter hole and 1.5 mm wall thickness that spanned the length of the sample. The front of each coil was located 6.22, 13.84, and 20.19 mm from the front face of the sample, and each coil was 0.89 mm long. The coils were rigidly mounted inside the test fixture, and between tests, the Galfenol rod was slid in/out of the enclosing Delrin tube (i.e., the same coils were used in every test). The voltage measured across each coil was used to compute the change in magnetic flux density through each coil according to Faraday's law of induction:
where N is the number of coils, A is the cross sectional area, V (τ) the measured voltage signal, and B(t) the magnetic flux density. Coil voltage versus time for each of the three coils was recorded on a high-speed 1 GHz bandwidth, 20 GS s
oscilloscope (Tektronix DPO 7104). As the magnetic response is inherently nonlinear, the initial magnetic state and boundary conditions were controlled with an electromagnet (μ 0 H=±30 mT) aligned collinear with the direction of shockwave propagation. Prior to each shot, a −30 mT field, antiparallel with the incident wave vector, was applied to each sample to provide a uniform magnetic starting condition, after which the field was increased to the desired level. Cylindrical samples of polycrystalline Galfenol were tested in this study (ETREMA Products, Inc. Ames, IA, USA). All samples were 3 mm in diameter with sample lengths from 1.2 to 24.5 mm. The sample dimensions were chosen so the laser spot (4.0 mm diameter) encompassed the sample's entire cross sectional area, ensuring plane wave conditions for the incident shockwave (Lev and Argon 1996) . Displacement interferometry was used to characterize the mechanical stress state for samples of length 1.2, 3.8, 6.2 and 24.5 mm with zero external magnetic field applied; showing how the mechanical wave evolved as it propagates. The changes in magnetic flux density were recorded with inductive coils for the 24.5 mm long samples.
Results and discussion
This section reports mechanical and magnetic measurements of shock wave propagation in magnetoelastic Galfenol. First, results from the displacement interferometry measurements will be discussed, and highlight how the shock wave evolves as it propagates along the length of the sample. Next, the magnetic measurements will be examined with reference to the mechanical measurements. The external magnetic field will be shown to heavily influence the magnitude of the magnetic response and to control the mechanical wave propagation speed. Finally, the transmission of a magnetic signal ahead of the mechanical wave will be observed, demonstrating a potential use for these materials as passive shock powered antennas.
Mechanical properties: displacement interferometry
Figure 2(a) shows the interferometrically recorded stress amplitude calculated according to equation (1) as a function of time for each of the sample lengths; both axes are logarithmically scaled. The start time t=0 for all interferometry signals corresponds to back surface breakout for each sample length (i.e., the initiation of back surface displacement). Circular markers are experimental data points, while lines are provided as guides. The L=0 data corresponds to the signal recorded in the absence of a sample (i.e., the incident stress wave previously shown in figure 1 ). This data shows that as the shockwave travels into the material it disperses into an initial compressive acoustic front followed by a series of release waves. The stress amplitude of the initial front is traced with the dashed black line, and shown separately in figure 2(b) as a function of distance traveled. The compressive front's stress amplitude smoothly decays from 3.3 GPa to just under 10 MPa as the length increases to 24.5 mm. By the time the wave traveled 3.8 mm, the stress amplitude has already decayed to 300 MPa, and is assumed to be a magnetoelastic acoustic wave after this point (i.e., no longer a shockwave). This length is just longer than 1 sample diameter (3 mm), providing time for release waves to propagate inward from the lateral surfaces. Additionally, the dispersive nature is clearly observed by analyzing the rise time of the initial front as shown in figure 2(c) . The rise time increases from 10 ns to 1 μs as the wave propagates. It should be noted that the magnetoelastic wave clearly continues to disperse from L=3.8 mm to L=24.5 mm, even after it has already decayed from a shockwave to an acoustic wave. For a lossless elastic acoustic wave, this continued increase in rise time would be unexpected. After the magnetic signals are presented, it will be seen that magnetoelastic coupling is partially responsible for the continued dispersion/spreading of the wave's energy.
Following the initial compressive front in figure 2(a) are a series of release waves originating on the front and lateral surfaces of the sample. The first release wave reaches peak stress near 200 ns for L=1.2 mm. The timing of this wave suggests it is the release wave arriving from the front surface (glass slide/sample interface). This is the decompression wave created after the initial compressive wave reflects off the front of the glass slide and back into the sample. It should be noted that the release wave becomes less pronounced as the sample length increases. This occurs as the release wave catches the initial compressive shock front and aids in decreasing the overall stress amplitude. Furthermore, as highlighted with the dashed black oval, the variation in the measured stress drastically increases near the end of each signal. The large variance occurs due to the nonuniform deformation of the sample's back surface in response to the lateral shear and normal release waves. This is in contrast to the uniaxial nature of the initial compressive front, which maintains a planar rear surface for the interferometry laser to reflect from. The variation increase occurs at ∼350 ns for samples shorter than L=6.2 mm. This constancy suggests the origin is due to lateral release waves which are dependent on the samples fixed diameter, instead of the variable length. It will be seen that for H=0, the expected normal wave speed is ∼2500 m s −1 . In 350 ns, this wave would propagate half the distance from the lateral surface towards the midline, enabling it to distort the previously planar back surface. Lastly, it should be noted that the peak stress amplitude of the release waves is on the order of 100 MPa, and only decays from 300 to 55 MPa as the sample length increases from 1.2 to 24.5 mm. This decrease is significantly smaller than the 3.3 GPa to 10 MPa decay in the initial compressive front, indicating the acoustic nature of the release waves.
Magnetic properties: magnetic flux
Figure 3(a) shows the temporal change in magnetic flux measured through each of the three inductive coils during a single shot, with data from each coil recorded simultaneously (i.e., t=0 is the same for each coil). Recall, the front of each coil is located 6.22, 13.84, and 20.19 mm from the front face of the sample, and each coil is 0.89 mm long (N=5 turns of wire). Based on the interferometry data, this means even the first coil is located after the shock wave has decayed into an acoustic wave. The magnetic signals all have 1 predominant peak, and lack the multi-wave structure seen in the interferometry data for 1.2 mm<L<24.5 mm. Additionally, the maximum flux change was always measured in coil 2 (the middle coil), with slightly smaller changes measured through coils 1 and 3. The observation of one primary magnetic wave that is nearly constant amplitude suggests the magnetic moments are more strongly coupling to the release waves, instead of the initial compressive front that continues to decrease in amplitude. Furthermore, the fact that the largest change is always measured in coil 2 is easily explained by considering the effect of demagnetization fields in a sample with aspect ratio of only 8:1 (i.e., the ends are less magnetized than the middle of the sample).
In addition to lacking the multi-wave structure seen in the interferometry data, it should be noted that the time scale for the magnetic data is significantly larger. Coil 1 is located 6.22 mm from the front surface, and has a magnetic rise time of ∼2 μs, this is in contrast to the ∼30 ns rise time of the compressive front, and 1 μs peak for the release waves. The lack of overlap between these signals implies the magnetic moments are coupled most strongly to the stress components that do not cause large displacements of the back surface (i.e., distortional shear waves). Furthermore, there is ample theoretical and experimental evidence in the literature, primarily at the microscale, that magnetoelastic coupling is maximized when the principle strain field is rotated 45°with respect to the magnetic moment (Gowtham et al 2015 , Labanowski et al 2016 . As these samples were magnetized along the longitudinal axis, that means pure shear release waves are expected to exhibit the strongest magnetic coupling.
Recall the test recorded in figure 3(a) was repeated while varying the constant external magnetic field strength between positive and negative 30 mT. Figure 3(b) shows the effect of the magnetic field strength on the maximum flux change recorded for each test (e.g., the triangle, circle, and square from figure 3(a) are mapped to +30 mT on figure 3(b) ). The change in flux is negligible at zero applied field, with increasing magnitude as the field strength increases. This occurs as the sample is demagnetized at zero field, so there is no net magnetization to change when the mechanical wave propagates through the sample. As the field strength is increased (positively or negatively from μ 0 H=0 mT), the sample is gradually magnetized, increasing the potential change in magnetization. The maximum change appears to taper off/saturate near μ 0 H=±30 mT, where the external field (Zeeman) anisotropy and magnetoelastic anisotropy balance each other. If the field increased further, it is anticipated that the change in flux would gradually decrease, as previously observed in a Kolsky bar study on Galfenol (Domann et al 2015) . Therefore, an ideal field range exists if maximization of the flux change is desired (e.g., for pulsed power generation).
Combining the temporal flux change shown in figure 3(a) with knowledge of the location of each inductive coil allows for noninvasive measurement of the wave speed during each of these tests. Figure 4 shows the wave speed calculated by dividing the distance between coils 1 and 3 (∼14 mm) by the time elapsed between the peak magnetic flux change (i.e., time elapsed on figure 3(a) between the maxima of the black and red curves). Note that the field points closest to 0 Oe were removed for lack of a well defined single peak in their flux signals. The wave speed was measured to monotonically increase with external magnetic field magnitude from 2600 to a peak of 3400 m s −1 at μ 0 H=±30 mT. Therefore, a 30% increase in acoustic wave speeds is controllable in Galfenol with an external field. For longitudinal waves the wave speed
where E is the Young's modulus and ρ the density. This means the stiffness is proportional to c 2 , and therefore the 30% speed increase corresponds to a dynamic stiffening E E low D of 70%. The E D effect is well reported in Galfenol, and modulus changes from 35 to 75 GPa E E 114% low D = ( ) have been experimentally measured using quasi-static test methods (Datta 2009 , Datta et al 2010 , placing these results within the expected bounds. However, it should be highlighted that the E D reported in this study is averaged over a large stress range, while those reported using quasi-static test methods are reported as functions of stress amplitude, instead of averaged values. This difference in test methods helps explain the slight E D reduction seen in this study. Finally, figure 5 highlights an interesting feature that emerges when observing the rise time in each coil. As already seen in the interferometry data, the acoustic wave disperses as it travels and therefore the rise time increases. However, the figure 5(a) inset shows mechanical dispersion is insufficient to quantitatively account for the broadening and small time period that elapses between the onset of a magnetic signal at coils 1 and 3. While these coils are spaced approximately 14 mm apart, it only takes 180 ns for the magnetic signal to propagate between the coils. This corresponds to a signal velocity of approximately 78 000 m s −1 which is over 20 times the maximum measured acoustic velocity of 3400 m s −1 . The large velocity implies this signal is electrodynamic and micromagnetic in origin.
The origin of the fast magnetic signal is explained schematically in figures 5(b) and (c). In figure 5 (b) the sample starts initially magnetized along its longitudinal axis (neglecting demagnetization effects). Importantly, the magnetic dipole field of neighboring regions, shown only for the third spin/magnetic moment, all point along the sample's longitudinal axis to start. Shown in figure 5(c) , when the front of the sample becomes stressed the magnetization in that region is decreased. At the micromagnetic scale, neighboring domains incoherently rotate to point in different directions. This means that the dipole fields generated by the front are reduced in the back of the sample, a signal which travels at the speed of light in the material. Following the net reduction in magnetic field, magnetic moments at the back of the sample rotate, causing the measured demagnetization prior to the arrival of the mechanical wave. This demagnetization will occur according to the governing precesional dynamics of the Landau-Lifshitz-Gilbert equation/micromagnetics (Hillebrands and Ounadjela 2003 , Chikazumi 2009 , Cullity and Graham 2009 , Coey 2010 , thereby slowing down the final signal propagation velocity from light speed.
Put more simply, and shown schematically in figure 5(d), the front of the material is acting like a transmitting antenna to send a signal in response to the incident stress wave. Strain powered antennas have recently been predicted (Domann and Carman 2017) , and measured in microscale magnetic heterostructures (Nan et al 2017) . Therefore, this paper provides direct evidence that magnetoelastic materials can be used as passive antennas that transmit a signal in response to mechanical loading. Additionally, as Galfenol is magnetoelastic, this change in magnetization is also accompanied by a mechanical deformation. Therefore, the dipole coupling is predicted to aid in the continued mechanical dispersion observed in figure 2(c) (along with the nonlinear E D effect), through the generation of magnetostatic dipolar spin waves, even after the wave has decayed from a shock to an acoustic wave.
Conclusion
In this study, we introduced a new testing procedure that can probe both the mechanical and magnetic properties of a magnetoelastic material. In this procedure, laser generated stress waves exceeding 3 GPa with rise times of 10 ns are introduced to magnetoelastic Galfenol samples. The mechanical and magnetic propagation characteristics of this wave were examined, providing observations of their coupling. Interferometry revealed the decay of the shock front, and presence of release waves as the propagation distance exceeded the diameter of the sample. Additionally, magnetic measurements indicate that changing the external magnetic field influences both the magnetic flux and the wave speed in the material, which agrees with similar studies utilizing the Hopkinson pressure bar methodology. Finally, magnetic signals were measured ahead of the mechanical wave indicating the potential for use in passive mechanically activated sensors.
